Introduction
============

The increase in the life expectancy of the global population, unfortunately, results in the rise of several adverse physiological conditions, such as osteopenia, which is characterized by the reduction of bone mass.[@b1-ijn-14-865] When left untreated, this may evolve into osteoporosis, a condition that promotes the deterioration of the microarchitecture of bone tissue, increasing the fragility of its structure and, therefore, susceptibility to fractures. This condition mainly affects women and the elderly,[@b2-ijn-14-865] and osteoporosis fractures are highly prevalent, thus representing an important public health problem.[@b3-ijn-14-865] The development of novel materials for bone growth is particularly important, as the World Health Organization has predicted an increase in the number of worldwide osteoporosis cases. However, to date, bioactive materials that can promote bone repair as a therapeutic method for treating osteoporosis are still missing.[@b4-ijn-14-865] Thus, innovative biomaterials with improved chemical composition and bioactive properties are a pressing need for biomedical applications.[@b5-ijn-14-865] Biomaterials have different characteristics on a nanometric scale and ideally influence the bone regeneration process by giving a rapid, controlled, and predictable response to biological tissues.[@b6-ijn-14-865]

In this context, ceramic biomaterials based on nano-hydroxyapatite (nHAp) have piqued the interest of several researchers.[@b7-ijn-14-865] These are used as a bioactive scaffolding during the regeneration of bone tissue, as their physical and chemical properties resemble bone structure, and they exhibit excellent biocompatibility, osseointegration, and osteoconductivity.[@b8-ijn-14-865] The chemical structure of hydroxyapatite (HAp) is represented by Ca~10~(PO~4~)~6~(OH)~2~ with a Ca/P molar ratio of 1.67, and it is used in clinical practices as a substitute for damaged hard tissues, periodontal defects, orthopedic surgeries, and other similar applications.[@b4-ijn-14-865],[@b9-ijn-14-865] Junior et al[@b10-ijn-14-865] reported an improvement in the osteoconduction of nHAp in adult rats compared to biological HAp. Carmo et al[@b11-ijn-14-865] found similar results to those reported previously when using HAp-based nanocomposites and carbonate structures during osteoconduction and bone repair. However, its fragility and low resistance to mechanical stress have limited its use in orthopedic interventions.[@b12-ijn-14-865],[@b13-ijn-14-865]

Carbonaceous materials, such as carbon nanotubes (CNTs), have also been used in regenerative medicine because they can afford the preservation of biological properties, cell spreading, and adhesion, exhibit excellent cellular biocompatibility and support the growth of osteoblast cells, and stimulate the production of bone matrix, especially those that are hydrophilic. While studying biomaterials based on nanocarbon fiber-reinforced polyether ether ketone-nHAp, Xu et al[@b14-ijn-14-865] observed their remarkable ability to promote the proliferation and differentiation of MG-63 cells in addition to their ability to stimulate in vivo osseointegration between the implant and bone. One method of improving the biocompatibility of CNTs is to exfoliate them and functionalize them with hydrophilic groups, forming unzipped nanotubes with a structural atomic organization similar to graphene oxide (GO) at their ends, termed graphene nanoribbons (GNR).[@b15-ijn-14-865] Song et al[@b16-ijn-14-865] evaluated the influences of GO on biofilm formation, and their growth profile and viability assays indicated that the GO exhibited high antibacterial activity, improving the coating biocompatibility higher than that of pure HAp and Ti substrates.

Scaffolds of nHAp and GNR composites (nHAp/GNR) have emerged as promising biomaterials for bone regeneration, exhibiting appealing properties for osseointegration including the ability to preserve biological properties such as cell growth, spreading, adhesion, and differentiation.[@b17-ijn-14-865] Herein, our group synthesized and evaluated both the in vitro and in vivo properties of these new nanocomposites for bone engineering. Rodrigues et al[@b15-ijn-14-865] characterized the chemical, structural, and biological properties of different concentrations of nHAp/GNR and used simulated body fluid to evaluate their bioactivity and human osteoblasts (bone-forming cells). Recently, Medeiros et al[@b18-ijn-14-865] showed that nHAp/GNR induced in vitro and in vivo osteogenesis process after 15 days. However, an understanding of the influence of nHAp/GNR on bone regeneration using an in vivo model has not yet been reported, and is imperative for determining the potential benefits of these composites for treating osteoporosis.

Herein, we present in vivo studies of nHAp/GNR using an in vivo osteopenic model. First, nHAp/GNR (1, 2, and 3 wt% of GNR) were extensively characterized by Fourier-transform infrared (FTIR) spectroscopy, Raman spectroscopy, and X-ray diffraction. The total carbonate amount was calculated and correlated with biological properties. The in vivo experiments were carried out using 60 osteopenic rats. After each analyzed time (21 or 45 days), the animals were euthanized, and the size of nanocrystals and the bone density were verified through radiographic analysis (DIGORA imaging). The regeneration process was examined through histological, biochemical (alkaline phosphatase \[ALP\]), and radiographic analyses. We emphasize that the study presented here advances recent literature, enhancing bone regeneration in osteoporosis and offering the potential for the development of new commercial biomaterials based on nHAp/GNR for bone tissue engineering.[@b19-ijn-14-865]

Materials and methods
=====================

Production of nHAp/GNR
----------------------

The GNRs were produced through exfoliation of multiwalled CNTs (MWCNTs). The MWCNTs were purified to reduce the iron (Fe) from the interior of the nanotubes using an acid bath with an H~2~SO~4~:HNO~3~ solution (3:1) under ultrasound irradiation (5 hours, Elmasonic S10H; Elma Electronic Inc., Wetzikon, Switzerland). The functionalization and exfoliation of MWCNTs to obtain GNRs were performed using an oxygen plasma treatment.[@b15-ijn-14-865] Next, the GNR powder, in the required percentage, was dissolved in an aqueous solution of (NH~4~)⋅H~2~PO~4~ and Ca(NO~3~)~2~⋅4H~2~O using an ultrasonic probe (Sonics, VCX 500W) for 30 minutes. A pH of 10 was attained by adding an ammonium hydroxide solution (NH~4~OH: 25%). The formed precipitate was then aged over 120 hours, after which it was filtered, washed using distilled water, and dried in an oven for 48 hours at 60°C. After drying, the material was milled (A11 mill from IKA \[Staufen im Breisgau, Germany\], with an engine speed of 28,000 rpm) to generate the groups of nHAp/GNR at 1, 2, and 3 wt%.[@b20-ijn-14-865]

Characterization of nHAp, GNR, and nHAp/GNR
-------------------------------------------

The molecular structure of the samples was analyzed using a Senterra-model Raman spectrometer from Bruker Corporation (Billerica, MA, USA), with an attached Olympus BX50 microscope and a charge-coupled device as a detector. For excitation, the spectrometer used a laser with a wavelength of 532 nm and an output power of 10 mW. The spectrometer was adjusted to obtain a spectral resolution of 3 cm^−1^ covering the range of 300--2,000 cm^−1^. The attenuated total reflectance (ATR)-FTIR spectra were obtained within a spectral range of 1,800--600 cm^−1^ using a Bruker spectrometer (Vertex 70 v) with the ATR accessory using a germanium crystal. All measurements were collected at room temperature. The crystallinity of the samples was analyzed by X-ray diffraction using an XRD 6000 (Shimadzu Corporation, Kyoto, Japan) powder diffractometer with Cu-Kα radiation (λ=1.5406 Å). Data were collected at 2θ from 20° to 70° with a scanning speed of 1°/min. The X'Pert HighScore (Plus) software was used to identify the phases of the crystalline structure.

The crystallite size of the nanocrystals was determined using the Debye-Scherrer equation ([Equation 1](#fd1-ijn-14-865){ref-type="disp-formula"}).[@b21-ijn-14-865] $$\tau = \frac{k\lambda}{\beta\cos\theta}$$where, τ is the crystallite size in nanometers, k is the proportionality constant that depends on the shape of the particles (assuming a spherical crystallite of k=0.9), λ is the wavelength of the CuKα radiation (1.5406 Å), β is the full peak width at half height of the maximum (FWHM) intensity according to the reflection hkl (in radians), and θ is the diffraction angle (degrees), satisfying the Bragg law for the plane selected as the principal of the formed crystalline structure. The crystallinity index obtained through the planes (hkl) by X-ray diffraction was calculated using the following empirical relationship ([Equation 2](#fd2-ijn-14-865){ref-type="disp-formula"}).[@b22-ijn-14-865] $$\text{CI}_{\text{X-ray}} = 1 - \left( \frac{V_{112/300}}{I_{300}} \right)$$where CI~X-ray~ is the crystallinity, I~300~ is the intensity of the reflection (3 0 0), and V~112/300~ is the intensity of the void between the reflections (1 1 2) and (3 0 0), which disappears completely in samples that are not crystalline.

The crystallinity indices were also calculated using Raman spectroscopy, and they were obtained through the profile of the highest intensity band, 961 cm^−1^, referring to the symmetrical stretching vibration of the $\text{PO}_{4}^{3 -}$ group of phosphate. The FWHM values were collected after deconvolution of the 961 cm^−1^ band using standard and Lorentz-type profiles. The crystallinity index is calculated by using [Equation 3](#fd3-ijn-14-865){ref-type="disp-formula"}. $$\text{CI}_{\text{Raman}} = \frac{4.9}{\Gamma}$$

The value of 4.9 refers to the average FWHM of the magmatic apatite standard with high crystallinity, and Γ isthe FWHM of the peak 961 cm^−1^.[@b23-ijn-14-865]

In vivo assays
--------------

### Surgical procedure

Thirty-six female Wistar rats with initial body weights between 250 and 300 g were used; they were obtained from the colony of the Vivarium of the University Center of Health, Human, and Technological Sciences of Piauí (UNINOVAFAPI). The rats were kept in a room (25°C ± 2°C) with a photoperiod of light and darkness (12/12 hour) in collective cages (four animals/box) with standard food rations (Labina) and free access to water. These samples were submitted to the oophorectomy protocol.[@b24-ijn-14-865]--[@b26-ijn-14-865] After this period, the rats were divided into 12 groups ([Table 1](#t1-ijn-14-865){ref-type="table"}) and evaluated for a period of 21 (G1--G6) or 45 days (G7--G12).

For the nHAp/GNR and the respective controls, the rats were intraperitoneally anesthetized with ketamine (40 mg/kg) and xylazine (5 mg/kg) mixture. Surgery was performed on the right tibia and began with the trichotomy of the region. The surgical procedures were conducted for all rats, which consisted of the insertion of the composites in the form of a powder at the site of the bone defect.[@b29-ijn-14-865] This defect was elliptical, with dimensions that allowed it to reach the level of the spinal canal. This procedure was conducted with a trephine type drill and a surgical micromotor (model AEU-707A; Aseptico, Woodinville, WA, USA). The surgical wound was closed by planes, and the suturing of the tissues was performed with silk thread so that the periosteum was positioned on the inserted materials.

### X-ray examinations, histological and biochemical analyses

The tibia of rats was removed and fixed under 24 hours. The soft tissue was removed, and bone pieces were examined by radiograph and histological analyses.[@b19-ijn-14-865] For biochemical analysis, ALP kit was used (Labtest Diagnostica SA, Lagoa Santa, Brazil). The absorbance was measured at 590 nm. The results were presented as normality test graphs.

Statistical analysis
--------------------

The data were statistically analyzed using the Minitab 16 software. The data presented a normal distribution pattern (Kolmogorov-Smirnov test). After that, the groups were compared using one-way ANOVA applying a post-hoc Tukey's test (level of significance at a 95% CI, *P*\<0.05).

Ethical principles
------------------

This study is part of the project entitled: Nano biomaterials based on CNTs, graphene, nanoceramics, and bioresorbable polymers for tissue engineering, approved by the ethical committee of CEUA/UNINOVAFAPI number 002/17. The ethical norms in Animal Research law n.11.794 of 2008 were observed.

Results and discussion
======================

[Figure 1](#f1-ijn-14-865){ref-type="fig"} illustrates the characterization of the nHAp- and GNR-based composites, as well as those of their individual components. The GNRs were verified by the transmission electron microscopy (white arrow [Figure 1A](#f1-ijn-14-865){ref-type="fig"}), along with the presence of nHAp crystals in the composites (red circle [Figure 1B](#f1-ijn-14-865){ref-type="fig"}). [Figure 1C](#f1-ijn-14-865){ref-type="fig"} shows the results of X-ray analyzes of pure nHAp and at different concentrations of GNR. The main reflection peak characteristics of hexagonal HAp in 2θ were present at \~25.9°, referring to the plane (0 0 2) ([Figure 1D](#f1-ijn-14-865){ref-type="fig"}); at \~31.7°, \~32.1°, and \~32.9°, referring to the planes (2 1 1), (1 1 2), and (3 0 0), respectively; and at \~34.1°, referring to the plane (2 0 2), which are in accordance with the crystallographic file for nHAp (International Centre for Diffraction Data \[JCPDS\]: 00-046-0905). In addition, the GNR sample exhibited peaks in 2θ at \~26.9°, \~37.7°, \~42.9°, \~43.7°, \~44.8°, and \~45.9°, which are assigned to carbon in the crystallographic data file (JCPDS: 00-026-1077). Peaks are also observed in 2θ at \~37.8° and \~49.1°, which are characteristic of Fe (used as a growth catalyst) in the GNR sample, according to the crystallographic data sheet (JCPDS: 01-085-0871). From analyzing the diffractograms and CIX-ray ([Figure 1E](#f1-ijn-14-865){ref-type="fig"}), a decrease in crystallinity with increasing GNR in the nanocomposites was observed, which was further confirmed by Raman spectroscopy ([Figure 1G](#f1-ijn-14-865){ref-type="fig"}) and corroborated with the increase in carbonate observed by ATR-FTIR ([Figure 1F](#f1-ijn-14-865){ref-type="fig"}).

In the Raman spectra presented in [Figure 1G](#f1-ijn-14-865){ref-type="fig"} (**a**), D (1,346 cm^−1^) and G (1,580 cm^−1^) characteristic bands of amorphous carbon are observed due to the disorder and imperfections of carbon bonds promoted by the exfoliation of MWCNTs. The D and G bands are also observed in the spectra of [Figure 1G](#f1-ijn-14-865){ref-type="fig"} (**c**), (**d**), and (**e**) due to the differences in the concentrations of GNR present in the samples. All nHAp and nHAp/GNR spectra at different concentrations of GNR have shown a stretching mode of $\left( \text{PO}_{4}^{3 -} \right)$ at 961 cm^−1^, which is characteristic of crystalline HAp. Three bands with lower intensities were also observed at 431, 587, and 1,051, which are attributed to the vibrations of other apatite groups such as octacalcium phosphate, dehydrated calcium phosphate, and the apatite's phosphate group, respectively, which is only observed in well-crystallized HAp.[@b30-ijn-14-865] A decrease in the crystallinity of the HAp was observed when the concentration of GNR in the composites increased, as indicated by the decrease in the calculated CI~Raman~ value of the Raman spectra obtained in [Figure 1G](#f1-ijn-14-865){ref-type="fig"}, previously observed by XRD. The ATR-FTIR spectra ([Figure 1F](#f1-ijn-14-865){ref-type="fig"}) of the nHAp/GNR show a band at 1,642 cm^−1^, related to the characteristic vibration deformation of water adsorbed during apatite formation. The carbonate group $\left( \text{CO}_{3}^{2 -} \right)$ has appeared in nHAp/GNR and it is assigned to the doublet of bands at 1,332 and 1,447 cm^−1^, referring to the stretching modes, and a singlet at 826 cm^−1^, related to the deformation mode. The bands at 1,026--1,090 cm^−1^ and 962 cm^−1^ are attributed to the triple unfolded antisymmetric P--O (ν~3~) and nondegenerate P--O symmetric (ν~1~) stretching modes, respectively, which all belong to the $\left( \text{PO}_{4}^{3 -} \right)$ group. Also, the band observed at 635 cm^−1^ is attributed to deformation vibration of the OH^−^ groups from HAp.[@b7-ijn-14-865],[@b28-ijn-14-865],[@b29-ijn-14-865] The ATR-FTIR spectra of the pure HAp sample and the nHAp/GNR show an increase in carbonation with the increase in the concentration of GNR in the nanocomposites ([Figure 1F](#f1-ijn-14-865){ref-type="fig"}) due to the increase in the band intensities of the carbonate group.

In vivo study
-------------

The animals used in this study were of the same age (90 days) and gained weight during the 45 days after surgery. No animals were lost throughout the study. The weight gain verified in our study is consistent with the data described in the literature,[@b26-ijn-14-865],[@b31-ijn-14-865]--[@b36-ijn-14-865] that oophorectomy produces an increase in weight due to a loss of estrogen, as estrogen increases energy consumption and thereby decreases body weight. Therefore, the energy consumption in animals with estrogenic suppression will be lower, and they will gain weight.[@b26-ijn-14-865] The spherical bone lesion model was used as it provides identical lesions based on position and size ([Figure 2A--C](#f2-ijn-14-865){ref-type="fig"}).[@b36-ijn-14-865]

[Figure 2](#f2-ijn-14-865){ref-type="fig"} shows radiographic images of the tibias of the rats that were oophorectomized and implanted with different analyzed groups during the two periods of investigation, captured using the DIGORA system.[@b29-ijn-14-865]

No deformation was detected in the bone structures for all studied groups that would compromise the selected methodology. The evolution of bone density in the tibia of rats with osteopenia could also be observed from the images showing the filling of the hole inflicted upon these animals (circle, [Figure 2A--C](#f2-ijn-14-865){ref-type="fig"}). The tibial bone density for the abovementioned periods are quantified ([Figure 2D and E](#f2-ijn-14-865){ref-type="fig"}), which show the highest bone density in group G6 ([Figure 2D](#f2-ijn-14-865){ref-type="fig"}) for the first analyzed period (21 days); however, the overall bone density was highest in group G9 for the period of 45 days ([Figure 2E](#f2-ijn-14-865){ref-type="fig"}).

The histological results of the tibial surgical defect sections of the control and implanted groups with nHAp, GNR, and nHAp/GNR at 3% after 21 days are presented in [Figure 3](#f3-ijn-14-865){ref-type="fig"}. The presence of both GNR and nHAp/GNR was verified along the tissues for both periods, and it is distributed in an agglomerated form. Bone matrix formation was observed in all analyzed groups, indicating medullary endochondral ossification. In addition, several regions with a vascular cortical tissue were observed in the experimental groups after 21 days from implantation in relation to the control group, indicative of regeneration in both cases.

The animals analyzed after 45 days from the implantation exhibited a difference in the cortical thickness and vascularization compared to that of the control group. For groups containing GNR and nHAp/GNR at 2 and 3 wt%, respectively, the structures were compacted, trabecular, and less vascularized, indicating the action of remodeling by an osteoclast.[@b33-ijn-14-865] However, the group containing 1% GNR exhibited a highly vascularized structure, similar to those related to the control group, which could be due to a delay in the repair period of the bone lesions. This is consistent with the ATR-FTIR and Raman data, which imply lower carbonation ([Figure 1F and G](#f1-ijn-14-865){ref-type="fig"}).

Differences in bone thickness between the studied groups were detected from the quantitative analyses of bone healing through the measurement of the cortical thickness of each bone ([Figure 4A and B](#f4-ijn-14-865){ref-type="fig"}). For the 21-day period ([Figure 4A](#f4-ijn-14-865){ref-type="fig"}), the cortical thickness between the control (G1) and experimental groups varied, except for G4 (nHAp/GNR 1%), which exhibited the lowest growth. The group implanted with just GNR (G3) exhibited a more pronounced regenerative process than the others, which verified the promotion of bone regeneration with increasing GNR concentration (G6\> G5\> G4) for the period of 21 days. For the period of 45 days, there was a reduction in the cortical thickness for all experimental groups compared to the control group ([Figure 4B](#f4-ijn-14-865){ref-type="fig"}). The lowest cortical thickness was observed in the group containing 1% GNR (G10) compared to the other groups.

The results of enzymatic dosing showed low ALP expression in control group (G1 and G7) for both the periods ([Figure 5A and B](#f5-ijn-14-865){ref-type="fig"}). There was an increase in enzyme concentration for all groups after 21 days of implantation compared to the control group ([Figure 5A](#f5-ijn-14-865){ref-type="fig"}). For the analyzed groups after 45 days, the ALP only increased in G9, G10, and G12 groups compared to the control group ([Figure 5B](#f5-ijn-14-865){ref-type="fig"}); the other experimental groups (G8 and G11) exhibited a reduction in their enzymatic levels for this biochemical marker. Upon comparison between the two investigation time periods, the 45-day time period presented overall lower enzymatic values than the 21-day period for almost all the experimental groups. The experimental group G10 ([Figure 5B](#f5-ijn-14-865){ref-type="fig"}), however, registered higher enzymatic levels, which was probably due to a delay in the healing process, also suggested by the lower cortical thickness ([Figure 4B](#f4-ijn-14-865){ref-type="fig"}) of this group compared to others.[@b34-ijn-14-865]

ALP may increase the local concentration of inorganic phosphorus or activate collagen fibers, causing calcium salts to be deposited in these tissues.[@b35-ijn-14-865] The analysis of cortical thickness is consistent with the data obtained from the biochemical analyses, which verify that mineralization was more evident in the groups that contained pure nHAp and GNR compared to the composites and control groups (more at 21 days). This suggests that the increase in the levels of ALP in G2 (only nHAp) is because it increases the deposition of inorganic phosphorus ions on bone tissues to a greater extent than GNR due to its chemical composition ([Figure 5A and B](#f5-ijn-14-865){ref-type="fig"}).[@b36-ijn-14-865]

Meanwhile, for the nHAp/GNR, the lowest ALP level was exhibited for the 1% group, which is consistent with the observed lower cortical thickness and bone density for that group ([Figure 2D](#f2-ijn-14-865){ref-type="fig"}). This behavior can be attributed to a delay in the repair period of bone lesions.[@b26-ijn-14-865] The higher bone density ([Figure 2D](#f2-ijn-14-865){ref-type="fig"}), ALP ([Figure 5A](#f5-ijn-14-865){ref-type="fig"}), and cortical thickness ([Figure 4A](#f4-ijn-14-865){ref-type="fig"}) values suggest a direct relationship between the efficiency of mineralization and the concentration of GNR for the 21-day period,[@b28-ijn-14-865],[@b37-ijn-14-865] which is also consistent with the concentration data presented by the ATR-FTIR and Raman spectra ([Figure 1F and G](#f1-ijn-14-865){ref-type="fig"}).

The reduction in the ALP levels and bone density of the composites after 45 days of implantation is consistent with the histological data, suggesting the cellular remodeling of osteoclasts.[@b38-ijn-14-865] It is also believed that the decrease in the crystallinity of HAp with the increase of concentration of GNR in the nHAp/GNR may indicate a higher efficiency of the nHAp/GNR 3% compared to the other analyzed groups and controls.[@b11-ijn-14-865]

Conclusion
==========

Herein we showed that a mineralization occurred for all analyzed groups independently of GNR composition and respective controls, suggesting that nHAp and GNR have chemical properties to promote bone growth in osteoporotic animals. This was particularly evident for the groups containing pure nHAp and GNR, and their nHAp/GNR 3% during the 21-day period. Therefore, this is a promising alternative for the regeneration of bone tissue, and further studies are required. New studies are being conducted to compare GNRs with other biomaterials.
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![(**A**) TEM of the GNR and (**B**) nHAp/GNR. (**C**) X-ray diffractogram of the powders. (**D**) Size of the crystallite obtained according to the Scherrer equation, using the (0 0 2) diffraction plane of HAp (JCPDS 00-046-0905). (**E**) Average crystallinity index. (**F**) Spectra of ART-FTIR. (**G**) Spectra of Raman for: (a) GNR, (b) nHAp, (c) nHAp/GNR1%, (d) nHAp/GNR2%, and (e) nHAp/GNR3%.\
**Abbreviations:** ART-FTIR, attenuated total reflection - Fourier transform infrared; FWHM, full peak width at half height of the maximum; HAp, hydroxyapatite; nHAp, nano-hydroxyapatite; GNR, graphene nanoribbons; nHAp/GNR, nHAp and GNR composites; TEM, transmission electron micrographs.](ijn-14-865Fig1){#f1-ijn-14-865}

![Radiography of tibias: (**A**) control and (**B** and **C**) experimental groups with GNR after 21 and 45 days, respectively, using the DIGORA system. The circle indicates the location of the defect. Statistical data on bone density are presented in (**D**) and (**E**) recorded as mean ± SD (n=3). Different letters show significant differences for *P*\<0.05.\
**Abbreviation:** GNR, graphene nanoribbons.](ijn-14-865Fig2){#f2-ijn-14-865}

![Optical microscopy photographs of the rat tibias from the control group and after 21 days from the implantation: G1 (**A**, **A1**, and **A2**), G2 (**B**, **B1**, and **B2**), G3 (**C**, **C1**, and **C2**), and G6 (**D**, **D1**, and **D2**). H&E: 10, 20, and 40×, respectively. Scale bar of 200 µm. Periosteum (circle), trabecular bone (**➔**), osteocytes (***→***), bone marrow (▲), and nHAp/GNR (square).\
**Abbreviations:** CB, compact bone; H&E, hematoxylin and eosin; nHAp/GNR, nHAp and GNR composites.](ijn-14-865Fig3){#f3-ijn-14-865}

![Quantification of the cortical thickness of the tibia bones in rats implanted with GNR, nHAp, and nHAp/GNR after (**A**) 21 and (**B**) 45 days of implantation recorded as mean ± SD (n=3). Different letters show significant differences for *P*\<0.05.\
**Abbreviations:** GNR, graphene nanoribbons; nHAp, nano-hydroxyapatite; nHAp/GNR, nHAp and GNR composites.](ijn-14-865Fig4){#f4-ijn-14-865}

![Quantitative analysis of the ALP of rats that were oophorectomized and implanted with GNR, nHAp, and nHAp/GNR after (**A**) 21 and (**B**) 45 days of implantation presented as mean ± SD (n=3). Different letters show significant differences for *P*\<0.05.\
**Abbreviations:** ALP, alkaline phosphatase; GNR, graphene nanoribbons; nHAp, nano-hydroxyapatite; nHAp/GNR, nHAp and GNR composites.](ijn-14-865Fig5){#f5-ijn-14-865}

###### 

Distribution of groups of animals and evaluation periods after implantation

  Experimental group   Postoperative days   Treatment
  -------------------- -------------------- ------------------
                                            
  G1                   21                   OVX
  G2                   21                   nHAp
  G3                   21                   OVX + GNR
  G4                   21                   OVX + nHAp/GNR1%
  G5                   21                   OVX + nHAp/GNR2%
  G6                   21                   OVX + nHAp/GNR3%
  G7                   45                   OVX
  G8                   45                   nHAp
  G9                   45                   OVX + GNR
  G10                  45                   OVX + nHAp/GNR1%
  G11                  45                   OVX + nHAp/GNR2%
  G12                  45                   OVX + nHAp/GNR3%

**Notes:** G1 and G7 -- control groups: OVX without implants. G2--G6 and G8--G12 -- test groups: OVX implanted with pure nHAp powder, pure GRN, and nHAp/GNR at the indicated concentrations. The groups were euthanized 21 (G1--G6) or 45 days (G7--G12) after implantation.[@b27-ijn-14-865],[@b28-ijn-14-865]

**Abbreviations:** nHAp, nano-hydroxyapatite; GNR, graphene nanoribbons; nHAp/GNR, nHAp and GNR composites; OVX, oophorectomized samples.
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